Cardiac magnetic resonance imaging (CMRI) has been well validated and allows quantification of myocardial fibrosis in comparison to overall mass of the myocardium. Unfortunately, CMRI is relatively expensive and is contraindicated in patients with intracardiac devices. Cardiac CT (CCT) is widely available and has been validated for detection of scar and myocardial stress/rest perfusion. In this paper, we sought to evaluate the potential of low dose CCT for the measurement of myocardial whole heart extracellular volume (ECV) fraction. A novel framework was proposed for CCT whole heart ECV estimation, which consists of three main steps. First, a shape constrained graph cut (GC) method was proposed for myocardium and blood pool segmentation for post-contrast image. Second, the symmetric Demons deformable registrations method was applied to register pre-contrast to post-contrast images. Finally, the whole heart ECV value was computed. The proposed method was tested on 7 clinical low dose CCT datasets with pre-contrast and post-contrast images. The preliminary results demonstrated the feasibility and efficiency of the proposed method.
INTRODUCTION
Cardiac magnetic resonance imaging (CMRI) has been well validated and allows quantification of myocardial fibrosis in comparison to overall mass of the myocardium [1] . Unfortunately, CMRI is relatively expensive and is contraindicated in patients with intracardiac devices. Cardiac CT (CCT) is widely available and has been validated for detection of scar [2] and myocardial stress/rest perfusion [3] . Extracellular volume fraction (ECV) is increased in association with diffuse myocardial fibrosis and has been validated in multiple conditions, including myocardial infarction, heart failure, aortic regurgitation, and cardiomyopathy [4] . In this paper, we sought to evaluate the potential for CCT measurement of myocardial ECV fraction.
There are several investigations related with ECV fraction computation [8, 9] . In all of these methods, the ECV fraction was computed based on multiple 2D regions of interest (ROI). However, the diffuse fibrosis is a global process and a whole heart ECV estimation is highly desirable for clinical application. In order to compute the 3D ECV fraction, pixel to pixel correspondence between the pre-contrast and post-contrast images need to be established. This can be accomplished by registration methods. Fig. 1 shows examples of pre-and post-contrast CCT images. As we can see from the figure, it is nearly impossible to differentiate myocardium and blood pool in the pre-contrast image. The segmentation of the myocardium in the post-contrast image is also a challenging task.
Here, we propose a framework for whole heart ECV estimation for low dose CCT images. The proposed framework consists of three main steps. First, a hybrid segmentation method is proposed for myocardium and blood pool segmentation on post-contrast image. The hybrid method contains two steps: initialization and segmentation. A pseudo-3D strategy is applied for the initialization based on the live wire (LW) method [7] . Then the shape information generated from the initialization step is integrated into the graph cut (GC) method [5, 11] cost function, and this shape prior integrated GC is applied for the finer segmentation. Second, the symmetric Demons [6, 10] deformable registration method is applied to register pre-contrast to post-contrast images. So the correspondences between the voxels from precontrast to post-contrast images were established. Finally, the whole heart ECV value was computed. 
METHOD AND MATERIALS
A flowchart of the proposed method is shown in Fig. 2 . The proposed framework consists of three main steps: shape constrained GC based segmentation, symmetric Demons based registration and ECV computation. Among these three steps, the segmentation and registration are the core part of the proposed framework. The details are given in the each sub-section as below. 
Myocardium Segmentation Based on a Shape-constrained GC Method
The proposed segmentation method consists of two main steps. First, a simple method is employed for cardiac contour initialization in which the top, middle and bottom slices were first segmented via live wire method [7] , and then the contours in between are interpolated from these segmentation results. Second, the object shape information generated from the initialization step is integrated into the GC cost computation and then GC is used for the myocardium segmentation.
We propose a shape-constrained GC method for the myocardium segmentation. The proposed algorithm effectively integrates the shape information with the optimal 3D delineation capability of the GC method.
For GC segmentation, we represent the image as a 6-connectivity graph G(V,E). Boykov's α-expansion method [5] is used as the optimization method. In the traditional GC method, the energy function usually consists of two parts: data penalty and boundary penalty terms. In this paper, we propose a new graph cut energy function, which additionally consists of a 3D shape term:
where γ β α , , are the weights for the data term, shape term p S , and boundary term, respectively, satisfying 1 α β γ + + = . These components are defined as follows:
and
where I p is the intensity of pixel p, object label is the label of the object (here, the object is the kidney).
are the probability of intensity of pixel p belonging to object and background, respectively, which are estimated from object and background intensity histograms during the training phase. dist(p, q) is the Euclidian distance between pixels p and q, and σ is the standard deviation of the intensity differences of neighboring voxels along the boundary. [12] was used in this paper for computing this distance.
Deformable Registration by Symmetric Demons Algorithm
In order to compute the 3D ECV fraction, the pixel-to-pixel correspondence between the pre-contrast and post-contrast images must be established. In this paper, the symmetric deformable Demons registration method [5, 11] is applied. The Demons algorithm has been widely used for images registration field and achieved good results. Demons method is a non-parametric non-rigid image registration method. It alternates between computation of the optical flow forces and regularization by a Gaussian smoothing.
The Demons algorithm could be seen as an optimization of a global energy. The main idea is to introduce a hidden variable in the registration process: correspondences. We then consider the regularization criterion as a prior on the smoothness of the transformation s. Instead of requiring that point correspondences between image pixels (a vector field c) be exact realizations of the transformation, one allows some error at each image point.
Given a fixed image F(.) and a moving image M(.), then the global energy can be defined as,
where Ω P is the region of overlap between F and M•s, σ i accounts for the noise on the image intensity, σ x accounts for a spatial uncertainty on the correspondences and σ T controls the amount of regularization we need; dist(s,c) = s c − and
ECV Computation
After registration, the correspondences of the voxels between the pre-contrast and post-contrast images were established. Myocardial and blood pool Hounsfield unit attenuation values at each voxel were recorded and extracellular volume fraction was computed as follows, ECV = (ΔHU myocardium /ΔHU blood )*(1 -Hct blood ),
where Hct is the hematocrit, and ΔHU is the change in Hounsfield unit attenuation (ΔHU = HU post iodine -HU pre iodine ).
EXPERIMENTAL RESULTS
The proposed method was tested on 7 clinical low dose CCT datasets with pre-contrast and post-contrast images based on the leave-one-out strategy. The slice thickness is 3 mm and in-plane pixel size is 0.37*0.37 mm. The image size is 512*512*47. Two cardiologists manually segmented the pre-and post-contrast cardiac images and computed the ECV values. The results were used as the reference. Fig. 3 shows the myocardium and blood pool segmentation results on two slices. From visual checking, we can find the results are quite good. For the whole heart ECV value computation based on automatic method, different situations were considered: with or without applying Gaussian filter (σ=1.5) to the image, with or without calibration (calibration means ECV computing is slice-based or whole 3D volume-based). Fig. 4 shows the ECV value comparisons between automatic and manual segmentation results. We can see from the results that the automaticly computed ECV values are much more consistent than the manually computed ECV value.
The true positive and false positive volume fractions (TPVF and FPVF) [13] are used as quantitative indices to show the performance of the proposed method. TPVF indicates the fraction of the total amount of tissue in the true delineation; FPVF denotes the amount of tissue falsely identified, which are defined as follows,
Where, U d is assumed to be a binary scene with all voxels in the scene domain set to have a value 1, and C td is the set of voxels in the true delineation, |·| denotes volume. More details can be seen in [13] .
For the myocardium segmentation, the TPVF and FPVF is about 92.1% and 0.66%; for the blood pool segmentation, the TPVF and FPVF is about 93.1% and 0.55%. We can find that the performance of the blood pool segmentation is better than the performance of the myocardium segmentation, which may be due to the higher contrast in the boundary of the blood pool. In terms of efficiency, the average computation time for the initialization, segmentation and registration on an Intel Xeon E5440 workstation with 2.83GHz CPU, 8 GB of RAM was 1, 1 and 10 minutes, respectively. The time for the ECV map computation is very little so it is neglected. 
CONCLUDING REMARKS
In this paper, we proposed a framework for whole heart ECV estimation for low dose CCT images. The proposed framework consists of three main steps: (1) myocardium segmentation based on shape constrained GC method; (2) pre and post-contrast cardiac images registration based on symmetric Demons algorithm; and (3) ECV value computation. The proposed method was tested on 7 clinical low dose CCT datasets with pre-contrast and post-contrast images. The preliminary results show the feasibility and efficiency of the proposed method. The whole process is fast and acceptable for clinical use.
In the clinical environment, CMRI has been validated for detection of myocardial fibrosis, in which ECV fraction was used as an important factor. However, for CMRI, the ECV fraction was usually computed based on several 2D ROIs. In this paper, we computed the 3D whole heart ECV fraction based on the low dose CCT images. However, the proposed method was tested on only 7 CCT images. The proposed method will be tested on more data sets in the near future. Fig. 4 . ECV value comparisons between automatic and manual segmentation results. n -no; y -yes; F -filter; C -calibration.
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